Theoretical models predict that spatial sorting at the range edge of expanding populations should favor individuals with increased mobility relative to individuals at the center of the range. Despite the fact that empirical evidence for the evolution of locomotor performance at the range edge is rare, data on cane toads support this model. However, whether this can be generalized to other species remains largely unknown. Here, we provide data on locomotor stamina and limb morphology in individuals from two sites: one from the center and one from the periphery of an expanding population of the clawed frog Xenopus laevis in France where it was introduced about 30 years ago. Additionally, we provide data on the morphology of frogs from two additional sites to test whether the observed differences can be generalized across the range of this species in France. Given the known sexual size dimorphism in this species, we also test for differences between the sexes in locomotor performance and morphology. Our results show significant sexual dimorphism in stamina and morphology, with males having longer legs and greater stamina than females. Moreover, in accordance with the predictions from theoretical models, individuals from the range edge had a greater stamina. This difference in locomotor performance is likely to be driven by the significantly longer limb segments observed in animals in both sites sampled in different areas along the range edge. Our data have implications for conservation because spatial sorting on the range edge may lead to an accelerated increase in the spread of this invasive species in France.
INTRODUCTION
Dispersal, typically defined as a permanent movement away from a site of birth and/or reproduction (Clobert et al., 2009 ), may be due to discrete and repeated introduction of propagules beyond ecological barriers. Alternatively, evolutionary mechanisms that make new ecological niches accessible may also spur dispersal (Wilson et al., 2009) . Dispersal is dependent on many factors including an organism's phenotype, sex, age, reproductive output, the intensity of competition and environmental conditions (Stevens et al., 2010) . The synergistic influence of these parameters may result in the spatial differentiation of expanding populations (Shine et al., 2011) . Spatial sorting and lower population density have been documented at the invasion front of expanding populations (e.g. Phillips et al., 2010) . Theoretical models based on these observations have subsequently predicted increased dispersal and reproductive rates along the edge of the expansion range (Hallatschek and Nelson, 2007; Excoffier and Ray, 2008; Excoffier, 2009; Burton et al., 2010; Travis et al., 2010) . Lower predation pressure by specialist predators and reduced competition Phillips et al., 2010; Brown et al., 2013) , in addition to an increased risk of kin competition resulting from low population density (Kubisch et al., 2013) , may also encourage an increased dispersal rate at the colonization front. However, processes such as mutation surfing , Allee effects (Travis and Dytham, 2002) or allocation trade-offs (Bishop and Peterson, 2006; Fronhofer and Altermatt, 2015) may prevent this from happening. Thus, predictions from theoretical models may not always hold and these predictions remain to be tested. The increase of reproductive output at the range edge, for example, remains controversial (Hughes et al., 2003; Karlsson and Johansson, 2008; Bonte et al., 2012; Hudson et al., 2015) . However, the allocation of resources to dispersal has been relatively well documented. For example, the fast dispersal rate and associated phenotypic traits that are observed in vanguard populations of the invasive cane toad Rhinella marina in Australia (Brown et al., 2007; Alford et al., 2009; Phillips et al., 2008) provide a nice illustration of a dispersal phenotype in a rapidly expanding population.
The present study focuses on another highly and globally invasive amphibian, the African clawed frog Xenopus laevis Daudin 1802. The use of X. laevis as a model system in developmental and cellular biology (Gurdon and Hopwood, 2000) has resulted in the presence of this species in laboratories world-wide. Invasive populations of X. laevis have since become established globally as a result of accidental as well as voluntary releases from research facilities and through the release of animals from the pet trade (Measey et al., 2012) . Despite a growing body of literature on the invasion range and the impacts of this species on autochthonous ecosystems (Lafferty and Page, 1997; Lillo et al., 2005 Lillo et al., , 2011 Lobos and Jaksic, 2005; Eggert and Fouquet, 2006; Fouquet and Measey, 2006; Robert et al., 2007; Faraone et al., 2008; Rebelo et al., 2010; Measey et al., 2012; De Busschere et al., 2016) , this species has never been used to test the predictions of dispersal models. Our study focuses on an invasive population of X. laevis in the west of France. Its introduction has been suggested to be associated with the presence of a research laboratory where Xenopus were bred and maintained until the facility closed in the early 1980s (Fouquet and Measey, 2006) . Animals were officially first reported in 1998 when they were observed in few ponds around the likely site of introduction. However, residents of the area subsequently suggested that animals had been in these ponds since the early 1980s. Since then, animals have been expanding at a steady rate and they now occupy an area of over 2000 square kilometers. The aim of the present study was to test whether X. laevis at the range edge show evidence of dispersal phenotypes. Specifically, we test whether animals at the range edge have longer limbs and greater locomotor performance than animals near the likely site of release. To investigate this, we analyzed terrestrial endurance capacity and limb morphology for individuals from the center and the periphery of the range.
MATERIALS AND METHODS
All individuals (N=164; 84 from the periphery and 80 from the center of the range) were caught in ponds and bodies of standing water within their current range using fykes. The range of X. laevis in western France is identified through regular monthly trapping campaigns by local fish and wildlife officers and currently covers three departments (Vienne, Deux-Sevres and Maine-et-Loire) and an area of ∼2000 km 2 (Fig. 1) . Two pairs of sites were used in this study: one site at the center of the range, near the introduction point, and one site at the periphery. For each site, all individuals were caught in a single pond. Individuals from the first pair (N=87; 53 from the periphery and 34 from the center; sites 1 and 2, respectively, in Fig. 1) were caught, brought back and housed at the Function and Evolution (FUNEVOL) laboratory at the Muséum National d'Histoire Naturelle in Paris, France. Specimens were housed in groups of 6-10 individuals in 50 liter aquaria at a temperature of 23°C and fed with beef heart and mosquito larvae. All individuals were pit-tagged (Nonatec, Lutonic International, Rodange, Luxembourg), allowing unambiguous identification of each individual during study. Individuals from the second pair of sites (N=77; 31 from the periphery and 46 from the center; sites 3 and 4, respectively, in Fig. 1 ) were killed in the field using an overdose of anesthetic (MS222) according to institutional guidelines, preserved in formaldehyde and used for morphometric analyses.
Morphometrics
All individuals were weighed (Ohaus, Brooklyn, NY, USA; precision±0.1 g) and measured using a digital caliper (Mitutyo; precision±0.01 mm). Body dimensions were measured following Herrel et al. (2012) . A summary of the morphometric data is provided in Table 1 .
Performance
Stamina tests were performed at 22°C, which is considered the optimal temperature for the species (Casterlin and Reynolds, 1980; Miller, 1982) . Animals (sites 1 and 2) were placed in individual containers with some water for 1 h in an incubator set at 22°C prior to each test. The body temperature (T b ) of each individual was recorded using a K-type thermocouple before and after stamina trial as the room temperature was slightly lower than the temperature of the incubator (19°C) causing the animals' body temperature to drop slightly during the trials. Between trials, animals were returned to their aquaria, fed, and allowed to rest for at least 24 h. Three trials per individual were performed and only the single best trial was retained for further analysis. Stamina was measured by chasing each individual down a 3 m long circular track covered with cork. Animals were chased until exhaustion, which was identified by the lack of a righting response. Note that individuals recovered quickly from these trials and were immediately ready to eat when placed back in their home aquaria. For each individual, we recorded both the total distance covered and time spent moving until exhaustion. Statistical analyses were performed using the maximum distance covered and the maximum time spent moving for each individual out of the three trials (Table 2) .
Statistical analyses
All data were log 10 transformed to meet assumptions of normality and homoscedasticity. To test for differences in size [snout-vent length (SVL)] between sexes, and between center and edge sites, univariate analyses (ANOVAs) were performed. Differences in body mass, the morphology of the ilium and limb dimensions were tested between sexes and populations using multivariate ANOVAs with the SVL as a covariate (MANCOVA). These analyses were performed independently within each pair of sites (comparison of site 1 with site 2, and site 3 with site 4) to avoid potential biases due to preservation of the animals (sites 3 and 4). An ANOVA was performed to test for differences in the body temperature of the animals from sites 1 and 2 after the trials. Given that both SVL (sites 1 and 2: F 1,83 =47.92; P<0.01; sites 3 and 4: F 1,73 =6.35; P=0.01) and body temperature (F 1,83 =20,65; P<0.001) were different between animals from different sites they were incorporated as covariates in our multivariate analyses. Next, a multivariate analysis (MANCOVA), with SVL and body temperature as covariates, was performed to test whether stamina, identified here as the maximum time and the maximum distance moved until exhaustion, differed between sexes and sites. All analyses were performed using SPSS v.22 (IBMSPSS, Chicago, IL, USA).
RESULTS
Snout-vent length was significantly different between males and females from sites 1 and 2 (F 1,83 =18.80; P<0.01), with females being on average 16% larger than males. Similarly, females were on average 20% larger when comparing preserved animals from sites 3 and 4 (F 1,73 =50.32; P<0.01; Table 3 ). SVL was also significantly different between populations, with individuals from the center being larger than individual from the periphery (sites 1 and 2: F 1,83 =47.92; P<0.01; sites 3 and 4: F 1,73 =6.35; P=0.01). Individuals from site 1 (center of the range) are on average 20% larger than those from site 2 ( periphery) (Table 1, Fig. 2 ). Individuals from site 3 (center of the range) are on average 8% larger than those from site 4 ( periphery; Table 1, Fig. 2 ). Site 1, N=14 males and N=20 females; site 2, N=33 males and N=20 females; site 3, N=31 males and N=15 females; site 4, N=20 males and N=20 females. Center, N=14 males and N=20 females; periphery, N=33 males and N=20 females. Size-corrected limb dimensions were also significantly different between males and females from sites 1 and 2 (Wilks' lambda=0.53; F 11,72 =5.84; P<0.01; Table 4), and sites 3 and 4 (Wilks' lambda=0.59; F 14,59 =2.88; P<0.01; Table 5 ). Within sites 1 and 2, all morphological traits except for hand length were significantly greater for males (Table 4) . Male forelimbs are on average 15% longer and hind limbs 7% longer than those of females of a given body size (Table 1 ). For sites 3 and 4, the toe, radius, hand and finger length are significantly longer in males compared with females (Table 1 ). Limb dimensions were significantly different between populations as well (sites 1 and 2: Wilks' lambda=0.61; F 11,72 =4.25; P<0.01; Table 4 ; sites 3 and 4: Wilks' lambda=0.48; F 14,59 =4.62; P<0.01; Table 5 ). Individuals from site 2 (the range edge) have significantly longer astragali (on average 5% longer), a wider ilium (on average 5% wider) and a higher body mass (on average 18% heavier) than individuals from site 1 (center). Individuals from site 4 ( periphery) have significantly longer femurs (on average 10% longer; Tables 1, 5) than individuals from site 3 (center).
Stamina, with body length and temperature as covariates, is significantly different between males and females (Wilks' lambda=0.91; F 2,80 =4.11; P<0.02), with males being capable of moving an average of 23% longer for a given body size and temperature (Table 6 ). Stamina is also significantly different between individuals from the center and the periphery (Wilks' lambda=0.83; F 2,80 =8.09; P<0.01), with individuals from the range edge moving 35% longer before exhaustion (Fig. 3, Table 6 ). Moreover, the distance moved also showed a trend for animals from the periphery to move a greater distance for a given body size compared with animals from the center of the range (P=0.06; Table 6 ).
DISCUSSION
Our results show significant differences in stamina and limb morphology for two sites in the range of X. laevis in France, one from the center and one on the edge of the range. Individuals at the range edge showed greater stamina and had longer legs. Our analyses of the limb morphology in a second set of populations also show longer limbs for animals from the range edge, suggesting that this is a more general phenomenon. However, measurements of locomotor performance in frogs from additional sites are needed to better understand whether the longer limbs observed in animals from these additional sites also result in differences in endurance capacity. In addition, our results highlight morphological and locomotor differences between males and females in X. laevis. Females are significantly larger than males (Fig. 2, Table 2 ) as is common in frogs and in Xenopus species more specifically (Zug, 1978; Measey and Tinsley, 1998; Herrel et al., 2012) . Males also possess relatively longer forelimbs and hind limbs than females (Table 2) . Furthermore, males show a better endurance capacity (specifically the time until exhaustion) than females (Fig. 3, Table 6 ) similar to observations for Xenopus tropicalis (Herrel et al., 2012) . The greater endurance capacity in males relative to females may be explained by their relatively larger limbs and lower body mass allowing them to keep moving longer than females for their body size. This could be beneficial for males during courting and reproduction. The longer forelimbs observed in males may additionally provide males an advantage during mating, allowing them to maintain their grasp on females during amplexus (Measey and Tinsley, 1997) .
In addition to the differences between sexes, our data also show significant differences in body size and endurance capacity between the center and the periphery of the range (Fig. 3, Table 6 ). Individuals from the edge of the expansion range are smaller and have a higher endurance than those from the center of the range. Our results also highlight differences in body dimensions, particularly in limb segments involved in locomotion, such as the astragalus and ilium for individuals from site 2, and the femur for individuals from site 4. The difference in the specific skeleton elements impacted is intriguing and may be due to specific differences between populations. Whereas individuals from site 2 got to this locality by overland migration, animals from site 4 may have been taking advantage of waterways to reach their current site. Although the limb segments involved are different, these results suggest a common response: hind limbs are longer in individuals from the periphery, which is likely to enhance their locomotor capacity. Indeed, previous studies have demonstrated a relationship between limb dimensions and locomotor performance. Higher endurance abilities are attributed to relatively longer hind limbs in X. tropicalis (Herrel et al., 2012) and R. marina (Phillips et al., 2006) . The length of the foot could also play a key role in aquatic locomotion, because foot size and rotation are crucial for the generation of thrust in aquatic frogs (Richards, 2010) . The ilium may also play an important role in aquatic locomotion, as it has been suggested that the sliding of sacral vertebrae along the ilia during swimming improves swimming speed in Xenopus frogs (Videler and Jorna, 1985) . Therefore, in addition to having a better terrestrial locomotor endurance, frogs from the range edge may also have an improved swimming performance compared with individuals from the center of the range. However, this remains to be tested for individuals from the four sites included in this study.
From the perspective of conservation biology, it is of particular importance to pay attention to the rapid evolution of morphological and physiological traits observed in X. laevis. As highlighted in the case of the invasion of R. marina in Australia (Brown et al., 2007; Alford et al., 2009; Phillips et al., 2006 Phillips et al., , 2008 , the fast optimization of dispersal abilities can lead to situations that can be unmanageable for conservation biologists. Our study demonstrates an improved terrestrial locomotor performance at the range edge but also suggests better locomotor abilities in an aquatic environment. In order to optimize the conservation efforts and the preservation of autochthonous ecosystems, a better understanding of the physiological, evolutionary and behavioral responses of invasive species that can impact dispersal and colonization is key.
CONCLUSION
This study showed significant differences in performance and morphology in X. laevis from sites in the center versus the periphery of the range. Moreover, these differences have evolved since their introduction less than 40 years ago. This suggests that, as in other invasive amphibians, spatial sorting has resulted in the evolution of locomotor capacity, improving the dispersal ability of individuals on the range edge. Although experiments are needed to test the genetic basis of these differences, the fact that there is more than 15 km between the sites from the center to the periphery suggests that gene flow may be limited and thus these subpopulations may have diverged significantly. Finally, our results are consistent with models predicting the allocation of resources to dispersal at the range edge of expanding populations. However, it remains to be tested whether this implies trade-offs with other traits such as reproductive investment, immunity or competitive ability. 
